Abstract-This letter presents the design of a planar antenna for ultrawideband (UWB) applications with a bandwidth of 5.5 GHz over 3.7 to 9.2 GHz and return loss values lower than 10 dB. The antenna geometry is described in terms of a spline-based representation whose control parameters, together with other geometrical descriptive quantities, are determined through a suitable particle swarm optimizer (PSO) in order to fit the UWB requirements. Representative results of both numerical and experimental validations are reported in order to assess the performance of the prototype as well as to give some preliminary indications on the reliability and effectiveness of the whole synthesis approach.
I. INTRODUCTION
U LTRAWIDEBAND (UWB) radio is an emerging technology with attractive features useful for wireless communications, networking, radar processing, imaging, and positioning systems [1] .
While often ignored or assumed with an ideal behavior in dealing with conventional narrowband communication systems, antennas are a critical element in the signal flow of UWB systems. In such a context, antennas play a relevant role because of their "bandpass filter" behaviors and/or the arising undesired distortions if not properly designed. On the other hand, an optimized synthesis aimed at fitting frequency-domain parameters (i.e., return loss, gain, radiation patterns, and polarization, in addition to bandwidth) is not enough to guarantee suitable antenna performances for UWB applications, since these quantities might significantly vary in the whole UWB band causing a wrong or perturbed transmission and reception of pulses. For such a reason, traditional approaches to antenna characterization prove to be inadequate. Therefore, UWB radiators should be examined from a different perspective for providing a proper and accurate description of the antennas behaviors [2] . Consequently, customized synthesis techniques are needed [3] .
Unlike narrowband systems, both transmitting and receiving antenna [4] not only affect pulses amplitudes, but also cause non-negligible distortions to the signal waveform. Therefore, the UWB antenna design is usually aimed at satisfying the following requirements: (a) a good impedance matching over the whole operating bandwidth; (b) the UWB transmitting/receiving system is a distortionless system. Towards this purpose, a number of different antennas designs have been proposed. For example, the diamond and rounded diamond antennas described in [5] , the annular ring antenna proposed by Ren and Chang in [6] , the microstrip notched antenna with fractal stub in [7] , and monopole antennas in [8] and [9] .
In this letter, unlike standard techniques aimed at matching only impedance bandwidth and radiation properties, the antenna is the result of a full approach that takes into account all the UWB specifications including the distortionless properties of an UWB system constituted by a couple of identical antennas that simulate an UWB propagation channel. Towards this end, the arising optimization problem is addressed by means of an integrated strategy whose building blocks are a spline-based shape generator [10] and a PSO procedure [11] . More in detail, the positions of a limited set of "control points" are determined and used for generating, by using the spline-based generator (SG), the contours of a set of trial antennas. Such trial configurations are ranked according to the matching of their electrical characteristics (computed by means of a method of moment (MoM) simulator) with the specifications and iteratively updated through the PSO logic until all the requirements are satisfied.
The paper is organized as follows. In Section II, the synthesis problem is formulated and recasts as the optimization, through the PSO strategy, of a suitable cost function that depends on a spline-based representation of the antenna shape. Then, a set of representative results are reported in order to numerically and experimentally assess the efficiency of the synthesized prototype as well as (although preliminary) the reliability of the synthesis methodology (Section III). Finally, some conclusions are drawn (Section IV).
II. ANTENNA DESIGN
The design of the UWB microstrip antenna is formulated as an optimization problem aimed at defining a set of representative geometrical variables in order to satisfy suitable requirements/constraints on the electrical behavior in the UWB bandwidth. Fig. 1 shows the representative parameters to be optimized. Since a symmetry condition along the plane of the antenna structure is assumed, only half of the physical structure is modeled and therefore the antenna geometry turns out to be completely characterized by the following array of geometric variables where the coordinates of the th control point of the splinebased representation are denoted by , , being the total number of control points used to unambiguously describe the antenna geometry. Moreover, is the substrate length, is one half of the substrate width, one half of the feed-line width, the length of the ground-plane, and and defines the range of contour variations along the -axis (as shown in Fig. 1) .
As far as the UWB requirements are concerned, the electrical conditions previously formulated are resumed in the following set of constraints. Concerning the impedance matching over the bandwidth of the considered UWB device [15] (2) where and and the superscript indicates the reference value. Moreover, as regards to the condition of distortionless system, the antenna is required to satisfy a condition on the magnitude of ,
being , and on the group delay (4) where , being . Finally, the antenna is required to belong to a physical platform of dimension . Starting from such specifications, the unknown descriptive array (1) is determined by minimizing the following cost function: (5) where (6) (7) (8) Towards this end, a suitable implementation of the PSO [12] has been integrated with a spline-based shape generator and a MoM-based [13] electromagnetic simulator. Each trial solution ( , and , being the trial index and the iteration index, respectively) identifies an antenna structure, , determined by applying the SG (i.e., ). The electric parameters of such a trial antenna are computed by means of the MoM simulator in order to evaluate its fitting with the project specifications. The set of solutions is iteratively updated by modifying antennas descriptions ( ; ) through the PSO, until or ( being the convergence threshold and ).
III. NUMERICAL SIMULATION AND EXPERIMENTAL VALIDATION
As far as the PSO setup is concerned, the following parameter configuration has been chosen: trial solutions, , and . Moreover, an Arlon layer of 0.78 mm thickness has been assumed as substrate and control points have been used for the antenna description.
After the optimization, the synthesized antenna belongs to a surface of dimensions in length and in width and the following values for the control points have been obtained: , ,
, , , and . Accordingly, the antenna prototype has been built using a photo-lithographic printing circuit technology (Fig. 2) and it has been equipped with a SMA connector and fed with a coaxial line. The electrical parameters have been measured by using an Anritsu Vector Network Analyzer (37397D Lightning) in a non-controlled environment and, concerning the measurement of values, a distance of 15 cm between the two equal (Tx/Rx) antenna prototypes has been chosen [14] . Fig. 3 shows the simulated and measured values of . As it can be observed, the behavior of the synthesized antenna fits the guidelines from up to (i.e., within the Federal Communication Commission mask [15] ), considering both simulated and measured data, and the antenna bandwidth turns out to be 5.5 GHz (i.e., a fractional bandwidth equal to 85.3%). Moreover, the widest variation of the magnitude of is less than 5 dB (Fig. 4) . For completeness, the values of the phase of are also reported in Fig. 5 . As far as the group delay is concerned, the plots in Fig. 6 show a nearly constant trend in correspondence with simulated data (the widest variations being less than 0.5 ns), while, even though in a reasonable accordance with simulations, the measured behavior presents larger fluctuations that might be attributed to the noncontrolled measurement environment. Finally, some samples of the numerically-computed radiation patterns at different frequencies ( , , and ) on the plane (Fig. 7) and on the plane (Fig. 8) are shown. As it can be noticed, the antenna approximately behaves as omnidirectional radiator in the horizontal plane, while a monopolar-like behavior appears in the vertical section since lower gain values turns out at 0 and 180 .
IV. CONCLUSION
In this letter, the synthesis of a new spline-shaped UWB antenna has been presented. The antenna is the result of the application of an innovative design approach based on the use of a spline description for the antenna geometry and of a formulation of the synthesis in terms of return loss at the input port and coupling properties of a system of identical antennas modeling the UWB communication. In order to verify the efficiency of the optimized antenna as well as (in a preliminary fashion) the effectiveness and reliability of the design methodology, a prototype has been built. The measured electrical parameters confirm the reliability of the antenna as well as the matching with UWB project guidelines.
